Product miniaturization accompanied by high-precision and high-reliable material removal is of great interest in the automotive, optics, microelectronics, and biomedical device industries. Cost-effective processes and products require highly flexible manufacturing technologies and short processing times. However, even on a microscale, conventional material removal techniques (such as electric discharge machining, turning, drilling, or milling) cannot meet these ambitious aims.
Figure 1. Impact of the repetition rate onto the ablation threshold. (top) Liu plot for aluminum to estimate the ablation threshold depending on the repetition rate. (bottom) Ablation threshold as a function of the repetition rate for stainless steel, aluminum, and copper (normalised onto 20kHz value).
beam absorption and results in lowered ablation thresholds and higher ablation rates. By contrast, a slower repetition rate of hundreds of kilohertz leads to lowered ablation rates. In this case, subsequent incident laser pulses interact with ablated particles and ejected clusters, induced by preceded laser pulses, and energy losses due to particle and plasma shielding occur. Further, irradiation of high average laser power induces microformations. In addition to well-known ripple structures, we observed conical microformations. 1, 5 The effect of the repetition rate on the ablation threshold can be seen using a simple technique 6 that plots D 2 , the square of the ablated diameter against the irradiated laser fluence, so that the ablation threshold can be estimated by extrapolating D 2 !0. Considerably lowered ablation thresholds at higher repetition rates due to cumulative heat effects can be clearly recognized (for the effect on aluminum, see Figure 1 : top). In addition, material properties, such as the thermal conductivity and melting/evaporation temperature, influence the ablation behavior (see Figure 1 : bottom). Highly repetitive laser irradiation of materials with low thermal conductivities, such as stainless steel, results in a lower ablation threshold. By contrast, the ablation rate of materials with a high thermal conductivity, like copper, is not significantly affected by the repetition rate.
Continued on next page

(It seems that particle shielding is the reason for the increase in ablation rate for copper at 100kHz.)
So-called laser-induced periodic surface structures (LIPSS) are another interesting phenomenon in femtosecond laser processing (see Figure 2: top). Ripple structures form mostly orthogonal to the electrical field of the incident laser beam with a periodicity close to the laser wavelength. Given sufficient laser energy input and laser fluence in the range of the ablation threshold, conical microstructures form. We found that the microcone properties can be influenced by the processing parameters 1, 5 and verified the effect of microcones on surface properties by measuring the wetting and the reflectivity. 5 Depending on the microcone properties, we found hydrophobic stainless steel surfaces with contact angles of up to 150 ı (see Figure 2 : bottom) and reflectivities of less than 5%.
In general, high repetition rates result in a fast processing speed for high-average-power femtosecond laser ablation. We obtained high machining throughputs with ablation rates up to 1.8mm 3 /min. 1 In 3D laser microstructuring, we achieved laser processing times up to 40 times shorter than kilohertz femtosecond systems. 2 The processing quality was also much higher (see Figure 3 for machining examples of line-scan ablation, 2.5D laser ablation, and 3D laser microstructuring 3 ).
A future challenge is to implement ultrafast scan systems, such as resonant scanners rather than galvanometer scanners, to achieve much higher processing speeds. This would result in even higher machining throughputs and, accompanied by advantageous processing qualities, attract great industrial interest in high-repetition-rate femtosecond laser technology for many micromachining applications.
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